Background-Obesity and asthma prevalence have both risen among children over the last several decades, and research efforts increasingly suggest that obesity is associated with asthma. Some, but not all, studies have shown that the effect of obesity on asthma is stronger among non-atopic individuals than among those with atopy. Systemic inflammation may be a factor in this relationship.
Introduction
Obesity and asthma prevalence have increased over the last several decades, (1, 2) and studies over the last fifteen years have suggested that obesity is related to asthma. (3) (4) (5) Some of these included children, but the majority were conducted in adults.
Evidence for an obesity effect in children has been less consistent than that in adults, hampered in part by different age ranges examined, different definitions of overweight and obesity, and different morbidity endpoints. (6) A recent meta-analysis found that the strength of the relationship between obesity and asthma in children appeared to be increasing over time with an overall effect of high body weight in childhood being associated with a relative risk of 1.5 for subsequent asthma and a 6.6% population attributable risk for asthma due to overweight. (7) Several studies have found that obesity was more strongly related to non-atopic than to atopic asthma in adults. (8, 9) In the National Health and Nutrition Examination Survey (NHANES) III dataset (1988) (1989) (1990) (1991) (1992) (1993) (1994) , obesity was related to childhood asthma, but no difference was observed in the relationship between obesity and asthma by atopic status, as assessed by skin prick tests. (10) Butland et al. found that C-reactive protein (CRP), a marker for systemic inflammation, was related to asthma (but only among non-atopics), and that the association became nonsignificant when controlling for BMI, which suggests that CRP may be on the causal pathway between obesity and asthma. (11) In a similar analysis, Olafsdottir et al. showed CRP levels to confound the relationship between BMI and non-atopic (but not atopic) asthma. (12) We recently showed that childhood obesity was related to atopy in the NHANES 2005-2006 dataset and that inflammation, as measured by CRP, was also involved in this relationship. (13) This suggests that that obesity could be related to asthma through an allergic inflammation pathway as well.
This study examines the association between obesity and asthma in a representative sample of U.S. children and young adults. We used allergen-specific serum IgE results to distinguish atopic and non-atopic children. We investigated the possibility of an inflammatory pathway for the obesity-asthma relationship by examining confounding of the CRP-asthma relationship by BMI, following previous work in adults. (11) 
Subjects and Methods

Study Population
The NHANES is a nationally representative survey conducted periodically to assess the health and nutritional status of adults and children in the U.S. The primary purpose of NHANES is to determine the prevalence of major diseases and risk factors for those diseases. (14) Details of the plan and operation of NHANES may be found online at http://www.cdc.gov/nchs/nhanes.htm.
The NHANES used a stratified, multi-stage probability sampling design. Eligible persons age 16 or older were interviewed directly, while interviews for those under age 16 were done with a proxy. All persons who completed the household interview were invited to participate in the Medical Examination component of NHANES. The study protocols were IRB-approved and all participants (or their parent/guardian) gave written informed consent.
The target population of NHANES is the civilian, non-institutionalized population of the U.S. Each survey round oversampled low-income persons, adolescents age 12-19, persons age 60 +, African Americans, and Mexican Americans. Weights are supplied with the public use dataset so that estimates can be produced that are representative of the U.S. population. In the combined 1999-2006 NHANES, 17,140 children age 2-19 completed both the interview portion of the survey and the medical examination, and 16,717 children had their height and weight measured.
Asthma Outcomes
All participants age 1 year and older were asked (by proxy if under age 16) whether a doctor or other health professional had ever said they had asthma. Those who answered 'yes' were asked a series of additional questions, including whether they still had asthma, whether they had experienced an asthma attack in the past year, and whether they had been to the emergency department for asthma in the past year. The primary outcome for these analyses is a report of current asthma (those with an asthma diagnosis who report still having asthma).
A separate set of questions were asked about wheezing. Wheeze outcomes used in these analyses include a report of wheeze in the past year (yes/no), medical visit for wheeze in the past year (yes/no) and missing school or work due to wheeze in the past year (yes/no).
Atopy
Participants in the 2005-2006 survey age 1 year and older were tested for total and allergenspecific serum IgE using the Pharmacia Diagnostics ImmunoCAP 1000 System (Kalamazoo, Michigan). A detailed description of the laboratory method can be found at NHANES 2005-2006 web page (http://www.cdc.gov/nchs/data/nhanes/nhanes_05_06/al_ige_d.pdf). Children age 1 to 5 years were tested for total IgE as well as specific IgE to dust mite (D. farinae and D. pteronyssinus), cat, dog, cockroach, Alternaria, peanut, egg, and milk. Children and young adults age 6 and above also have specific IgE measurements for ragweed, ryegrass, bermuda, white oak, birch, shrimp, Aspergillus, thistle, mouse, and rat.
Atopy was defined in these analyses as a positive specific IgE response (≥ 0.35 kU/L) to at least one of the allergens tested. In order to be included in the analyses that stratify by atopic status, the individual had to have information for the full panel of allergens (9 allergens for those under age 6, and 19 for those age 6-19).(13)
Weight Measurements
Participants had their weight and height measured following a standard protocol. Body Mass Index (BMI) was calculated as weight in kilograms divided by height in meters squared. Sexspecific BMI percentile-for-age was calculated using the Centers for Disease Control and Prevention 2000 reference standards. (15) Children between the 5 th and 85 th percentile of BMIfor-age are considered to be normal weight, those between the 85 th and 95 th percentile are considered overweight, and those at or above the 95 th percentile are considered obese, as recommended by the American Medical Association. (16) 
Other Measures
The age, sex, and race/ethnicity of the child were examined as potential confounders and effect modifiers. As a measure of SES, quartiles of the poverty income ratio (PIR) were also examined for their relationship to overweight and asthma. The PIR is the relationship of family income to the family's appropriate poverty threshold based on family size and composition.(17) Ratios below 1 are below the poverty threshold.
Other potential confounders considered were current household smoking (yes/no), maternal smoking during pregnancy (yes/no), birthweight (low birthweight vs. not), the average number of hours per day the child spent either watching television or using a computer, and how many times per week the child played or exercised enough to sweat or breathe hard.
Statistical Analyses
Because underweight has been associated with increased risk for asthma, (18, 19) this analysis excluded 581 children (3.5%) that were less than the 5 th percentile for their age and sex. Of the remaining 16,136 children, 16,074 had information for asthma and 3,387 for atopy. Younger children are more likely to be missing this information, due to missing blood samples, but missing atopy data is not related to asthma or obesity status. Across all years, 13,496 children have a CRP measurement; 3,313 of these also have atopy information.
The effect of overweight and obesity on current asthma and the other outcomes, as defined above, was examined using a logistic regression model. Results are presented for 16,074 children for whom current asthma status is available in the complete 1999-2006 dataset, and stratified by atopy for the 2005-2006 dataset (3,387 children with atopy information).
The association of continuous BMI percentile-for-age with current asthma was also examined using logistic regression, with a 1-standard-deviation increase in the BMI z-score as the exposure. Results were plotted using a scatterplot smoothing technique. (20) Potential modification of the effect of overweight on asthma was examined for sex and for age and race/ethnicity, separately for boys and girls. A p-value for the interaction term < 0.10 was considered evidence of interaction. No effect measure modification was observed for these factors (Table E1 in the online supplement). Survey year, age, race/ethnicity, poverty income ratio, household smoking, and level of physical activity were related to both the exposure and the outcome and were retained as confounders in the adjusted models. Results for both simple age-adjusted and fully adjusted models are shown.
All analyses were performed using the survey sampling weights and SAS survey sampling procedures to adjust for the NHANES complex sampling design (Version 9.1.3, Cary, NC).
Figures were generated using the R system for statistical computing (version 2.7.0), which also can account for the sampling design. (20) 
Results
Nearly 10% of children and young adults age 2-19 reported current asthma in the four rounds of NHANES from 1999-2006 (Table 1) . Seven percent reported a medical visit for wheeze. Age was not strongly related to asthma, but medical visits for wheeze were more common in the 2-5 year old children. More boys than girls reported current asthma. Compared to nonHispanic whites, non-Hispanic blacks reported more asthma and visits for wheezing, whereas Mexican Americans reported less asthma and fewer visits for wheezing. In-utero exposure to tobacco smoke was associated with wheezing requiring a medical visit, and low birthweight and elevated CRP were associated with a higher prevalence of asthma. Neither asthma nor medical visits for wheeze were strongly associated with the physical activity variables. Both outcomes were more common among children with at least one positive specific IgE result. Among atopic children, 15.8% reported current asthma, whereas only 6.4% of non-atopic children had asthma (OR= 2.71; 95% CI: 1.98-3.72). Looked at the other way around, 68% of children with asthma also have atopy compared to 44% of non-asthmatic children.
The relationships of the same characteristics to overweight were also examined (see Table E2 in the online supplement). Fifteen percent of the population met the criteria for overweight, and 16.2% were obese. Higher weight was associated with being male, being non-Hispanic black or Mexican American, lower PIR (less income), smoking, low birthweight, and decreased physical activity levels, especially with the number of hours of television watching. There was a fairly strong relationship between obesity and CRP levels. The correlation between the continuous BMI z-score and the log 10 CRP level was 0.41 (95% CI: 0.39-0.44).
Obese children had 1.68 higher odds of having current asthma (95% CI: 1.33, 2.12) and 1.97 higher odds of having experienced an asthma attack in the previous year (95% CI: 1.66, 2.34) than normal weight children ( Table 2 ). Odds for all of the asthma-related outcomes are elevated for both categories of overweight, although the confidence intervals are wider for the emergency department visit outcome. Stronger estimates were observed for obese than for overweight categories for every outcome. In general, adjustment for confounding did not have a large effect on the odds ratios.
Effect modification by sex was not observed for these outcomes, but data stratified by sex are provided in Table E3 in the online supplement.
The prevalence of all of the asthma-related outcomes was higher for the atopic children (Table  3) . However, the obesity association was stronger among the non-atopic children, with interaction effects (p < 0.10) seen for all outcomes except asthma attack and medical visits for wheeze. Very few emergency department visits were reported in this smaller population, so the data are not shown. Among non-atopic subjects, those in the obese category were more than twice as likely to have current asthma (OR 2.46, 95% CI: 1.21, 5.02), an asthma attack (OR 2.45, 95% CI: 1.31, 4.58), or wheezing (OR 2.20, 95% CI: 1.15, 4.22) in the previous year than youth of normal weight. In contrast, there was no appreciable association between overweight or obesity and asthma among atopic subjects. Figure 1 shows the relationship between continuous BMI percentile-for-age and the probability of current asthma, stratified by atopic status. The relationship between continuous BMI and asthma was stronger among the non-atopic subjects. For each 1-standard deviation increase in the BMI z-score the odds for asthma were increased 1.52 times (95% CI: 1.14, 2.04) among the non-atopic youth, but only 1.13 times among atopic youth (95% CI: 0.91, 1.41)(interaction p-value=0.04).
In a logistic regression model examining the association between CRP and current asthma, separately for atopic and non-atopic children, increased CRP (a 1-log increase) was associated with an increased odds of having asthma among non-atopic children (OR 1.45; 95% CI: 1.16, 1.81), but not among atopic children (OR 0.97; 95% CI: 0.65, 1.44). Among the non-atopic children, adjustment for age, race, sex, household smoking, PIR, and physical activity did not affect the odds ratio; whereas further adjustment for BMI attenuated the OR to 1.17 (95% CI: 0.80, 1.72). This demonstrates that the relationship of CRP to current asthma among these nonatopic children is confounded by BMI.
Discussion
This analysis from a representative survey of U.S. children shows that being overweight or obese is associated with an increased likelihood of reporting current asthma. The association with BMI was uniformly stronger for the obese category than for the overweight category. We also demonstrated that the continuous BMI z-score was associated in a linear fashion with the odds of reporting asthma. In addition we were able to objectively classify subjects in NHANES 2005-2006 as atopic or non-atopic based on allergen-specific IgE tests. This analysis revealed that the association of overweight and obesity with asthma was stronger among the non-atopic children.
These findings differ from those in one study using NHANES III data, which did not find a difference in the association between obesity and asthma between atopic and non-atopic children.(10) That study differs from the present analysis in the definition of obesity (quartiles vs. the AMA-recommended ranges) and in the manner of assessing atopy (skin prick tests vs. specific IgE tests). The earlier study did find a strong relationship between obesity and asthma, especially for highest quartile of obesity, but reported that there was no effect modification by atopic status. Stratified data were not presented, however, and lack of effect modification was not defined. Another study of NHANES III data, using a slightly different age range and continuous percentiles of BMI, found that children with non-atopic asthma (but not atopic asthma) had higher BMIs than non-asthmatic children. (21) Our findings are similar to studies in adults that found obesity to be more strongly related to non-atopic than to atopic asthma. In an Australian study of 4,060 men and women, an increased risk for asthma was found for those with central obesity (measured by waist circumference and waist/hip ratio) who were non-atopic. (8) In a cross-sectional survey of more than 86,000 Canadian adults, overweight was associated with asthma in both allergic and non-allergic women, but the odds ratio was stronger in non-allergic women, whereas in men only the relationship in non-allergic men was significant. (9) Several previous studies have found the effect of obesity on asthma to differ by gender in children. Gilliland et al. found a significant relationship between overweight and asthma among boys, but not girls, (22) (24) The authors suggest that these gender differences may be due to female hormones. Indeed, the strongest effects of obesity on asthma were among girls that started puberty before age 11, compared to those with later pubertal development.(24) Varraso et al. also found that BMI was more strongly related to asthma severity among girls with early menarche. (25) The present analyses, with a large and representative sample of children and adolescents, did not find evidence of effect measure modification by gender.
Previous studies suggest that systemic inflammation is a potential mechanism behind the observed relationship between obesity and asthma. (26, 27) Our results demonstrated a relationship between CRP levels and asthma, and we therefore examined whether CRP could be on the pathway between obesity and asthma. It is inappropriate to control for such an intermediate variable as a confounder, (28) and mediation models and other models that attempt to partition effects into direct and indirect effects rely on assumptions that are unlikely to hold in our data (e.g. no unmeasured common causes of CRP levels and asthma). (29, 30) The relationship of CRP to asthma in non-atopic children, and the confounding of this relationship by BMI, suggests that overweight may indeed lead to systemic inflammation that in turn leads to an increased risk of asthma in non-atopic individuals. There was no evidence of a relationship between systemic inflammation and asthma among atopic youth. These findings suggest that allergic and systemic inflammation may operate independently on the pathway to asthma.
One potential limitation of these findings is that the measure of obesity used, BMI, is not a direct measure of adiposity and cannot differentiate between lean and fat mass. Nevertheless the AMA recommends the use of the CDC 2000 BMI-for-age percentiles as used in these analyses, considering them to have good sensitivity and specificity for identifying the children at greatest health risk.(16) Good age-specific reference data for other indices of adiposity in children, such as waist circumference, do not exist.
Because these NHANES data come from a cross-sectional survey the associations seen may not be causal. Confounding of the CRP-asthma relationship by BMI could represent systemic inflammation on the causal pathway to asthma, or could indicate that obesity is a proximate cause of both inflammation and asthma. Unmeasured confounding could affect these relationships. In order to understand the true causal pathways that may underlie the relationships between adiposity, atopy, and the development and manifestation of asthma, it will be necessary to look at these relationships prospectively.
We recently found childhood obesity to be associated with atopy,(13) which seems at odds with the current finding of no relationship with asthma among atopic children. However, there was at least some evidence of an elevation of risk of asthma in these children (OR=1.34). This may mean that obesity may indeed be a risk factor for atopy, but once atopy is established, it overshadows the effect of weight. Again, because these data come from a cross-sectional survey, it is not possible to test this time sequence in this dataset
The NHANES is a large national dataset that uses standardized data collection procedures, contains an abundance of information regarding every study subject, and is generalizable to the U.S. population. Using an objective measure of atopy, we found that excess weight in children appears to be associated with higher rates of asthma in children, especially asthma that is not accompanied by allergic disease. Current efforts to decrease overweight and obesity among U.S. children could potentially have the added benefit of decreasing asthma as well.
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